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Abstract
We present the time-correlated luminescence of isolated nanocrystals of five methylammonium lead mixed-
halide perovskite compositions (CH3NH3PbBr3−xIx) that were synthesized with varying iodide and
bromide anion loading. All analyzed nanocrystals had a spherical morphology with diameters in the range of 2
to 32 nm. The luminescence maxima of CH3NH3PbBr3−xIx nanocrystals were tuned to wavelengths ranging
between 498 and 740 nm by varying the halide loading. Both CH3NH3PbI3 and CH3NH3PbBr3
nanocrystals exhibited no luminescence intermittency for more than 90% of the 250 s analysis time, as defined
by a luminescence intensity three standard deviations above the background. The mixed halide
CH3NH3PbBr0.75I0.25, CH3NH3PbBr0.50I0.50, and CH3NH3PbBr0.25I0.75 nanocrystals exhibited
luminescence intermittency in 18%, 4% and 26% of the nanocrystals, respectively. Irrespective of
luminescence intermittency, luminescence intensities were classified for each nanocrystal as: (a) constant, (b)
multimodal, (c) photobrightening, and (d) photobleaching. Based on their photophysics, the
CH3NH3PbBr3−xIx nanocrystals can be expected to be useful in a wide-range of applications where low and
non-intermittent luminescence is desirable, for example as imaging probes and in films for energy conversion
devices.
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We present the time-correlated luminescence of isolated nanocrystals of five methylammonium 
lead mixed-halide perovskite compositions (CH3NH3PbBr3-xIx) that were synthesized with 
varying iodide and bromide anion loading.  All analyzed nanocrystals had a spherical 
morphology with diameters in the range of 2 to 32 nm.  The luminescence maxima of 
CH3NH3PbBr3-xIx nanocrystals were tuned to wavelengths ranging between 498 and 740 nm by 
varying the halide loading.  Both CH3NH3PbI3 and CH3NH3PbBr3 nanocrystals exhibited no 
luminescence intermittency for more than 90% of the 250 s analysis time, as defined by a 
luminescence intensity three standard deviations above the background.  The mixed halide 
CH3NH3PbBr0.75I0.25, CH3NH3PbBr0.50I0.50, and CH3NH3PbBr0.25I0.75 nanocrystals exhibited 
luminescence intermittency in 18%, 4% and 26% of the nanocrystals, respectively.  Irrespective 
of luminescence intermittency, luminescence intensities were classified for each nanocrystal as:  
(a) constant, (b) multimodal, (c) photobrightening, and (d) photobleaching.  Based on their 
photophysics, the CH3NH3PbBr3-xIx nanocrystals can be expected to be useful in a wide-range of 
applications where low and non-intermittent luminescence is desirable, for example as imaging 
probes and in films for energy conversion devices. 
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Introduction 
Luminescent semiconductors are used in a variety of applications from microscopy probes1-4 to 
thin film energy capture and conversion devices.5-19  There is increasing interest in luminescent 
methylammonium lead halide perovskites (CH3NH3PbX3, X= halide) due to their low cost, broad 
absorption as well as their charge transport diffusion lengths that range from ~100 nm to greater 
than 175 µm.20-24  In energy capture and conversion films, large exciton diffusion lengths remove 
the need for a transport layer in perovskite-based solar cells, thus simplifying the device 
architecture.  Single-crystalline perovskites, as opposed to polycrystalline films, could further 
increase the efficiency of energy capture and conversion devices.  Further, CH3NH3PbX3 
nanocrystals are being evaluated for use in light emitting diodes,25 and as lasing materials.26 
 In addition to the energy capture and conversion applications outlined above, there are 
other uses for non-intermittent, photostable, as well as tunable nanocrystals.  For example, as 
imaging probes the nanocrystal absorption and emission wavelengths should match wavelength 
criteria for the optical setup, so tunability can be advantageous.  Tuning the luminescence 
wavelength of CsPbX3
27-29 as well as CH3NH3PbX330-33 perovskite nanocrystals across the visible 
spectrum has been reported. 
 Despite their promise, organometal halide perovskites have been reported to suffer from 
low photostability.34, 35  Superoxide (O2-), generated from the photoreaction of perovskites and 
oxygen, can accelerate their degradation to PbI2, I2 and CH3NH2.
36Perovskite films degrade upon 
exposure to 457 nm light with a power density of 15 mW/cm2 or higher.37, 38  Laser illumination 
with 500 W/cm2 was shown to cause photodamage to CH3NH3PbI3 films within several seconds, 
leading to a decrease in luminescence.39  However, little photobleaching (i.e., decreasing 
luminescence) or photobrightening (i.e., increasing luminescence) was observed for CH3NH3PbI3 
nanocrystals with wire, rod, and dot morphologies using mercury lamp illumination.40  
Matsumoto et al. and Manshor et al. report changes in surface morphology and reduced device 
efficiency for CH3NH3PbI3-based films when exposed to both light and humidity, but claim the 
devices remain stable when exposed to light only.41, 42   
When illuminated with visible light, many types of semiconductor materials show 
luminescence intermittency (i.e., blinking), when the level of radiative decay drops below the 
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background or other threshold intensity.40, 43-56  Luminescence intermittency has also been 
studied for CH3NH3PbX3 materials
40, 50, 51, 54 although the mechanism is still under debate.34-35, 38-
39  One reported mechanism of luminescence intermittency in a dense CH3NH3PbBr3 nanocrystal 
film is non-radiative Auger-like recombination of electrons and holes due to the accumulation of 
charge.51  In closely packed nanocrystals, charge accumulates at the nanocrystal surface leading 
to intermittency; whereas, no intermittency was measured for well-dispersed nanocrystals.  On 
the other hand, Tachikawa et al. reported intermittency in single CH3NH3PbBr3 nanocrystals and 
postulated it is the result of charge trapping by surface lead sites reducing the probability of a 
recombination event.54  They estimate 1 to 4 trap sites per 10 to 50 nm nanocrystal.  The halide 
composition affected the trap density; an order of magnitude lower trap site density was 
measured in CH3NH3PbI3 films grown in the presence of chloride compared to films in the 
absence of chloride.57  In a CH3NH3PbI3 film, a deep trap state 0.16 eV above the valence band 
was measured, and calculations showed this trap might arise from iodine defects.58 
Zheng et al. reported differences in bulk and nanosized crystals of CH3NH3PbBr3.
59
 In 
bulk CH3NH3PbBr3, filling of trap sites was dependent on the photon density, and luminescence 
lifetimes increased with higher photon densities.  Compared to bulk, the luminescence lifetime of 
CH3NH3PbBr3 nanocrystals was not as dependent on photon densities; 30% of the excitation 
photons underwent trap-free recombination; trap states were more likely to be present on the 
surface than in the volume of the crystal; and trap lifetimes could be short.  Tian et al. showed 
that light illumination removes traps leading to photobrightening in CH3NH3PbI3 films, and that 
the size of CH3NH3PbI3 crystallites (nanometers to microns) within the film had an effect on the 
rate of photobrightening.60   
Here, we report data from three luminescence techniques used to measure the 
photophysics of CH3NH3PbBr3-xIx nanocrystals to gain a fundamental understanding of how 
composition affects their luminescence and, thus, their continued and potential usability in 
energy conversion and imaging applications.  Ensemble luminescence measurements show the 
nanocrystal emission wavelengths are tunable across the visible wavelength region by varying 
the ratio of iodide and bromide salts in the synthetic loading.  Due to heterogeneous crystal 
formation, individual nanocrystal photophysical properties vary with the type and number of 
defect and trap sites.  Nanocrystal microscopy measurements of the luminescence intensity over 
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time reveal the temporal dynamics (e.g., intermittency, flickering), as well as heterogeneity in the 
photophysical properties.  Finally, nanocrystal microspectroscopy enables the full luminescence 
spectrum of isolated nanocrystals to be collected in order to monitor the stability of the emission 
peak over time.  
 
 
Experimental 
Materials  
Lead(II) iodide (PbI2, 99%), lead(II) bromide (PbBr2, ≥98%), methylamine (CH3NH2, 33 wt% in 
ethanol), N,N-dimethylformamide (DMF, 99.8%, anhydrous) and n-octylamine (CH3(CH2)7NH2, 
99%) were purchased from Sigma-Aldrich; hydroiodic acid (ACS, 55-58%) and hydrobromic 
acid (ACS, 47.0-49.0%) from Alfa-Aesar; acetonitrile (99.9%) and toluene (99.9%) from Fisher 
Scientific.  All chemicals were used as received. 
Synthesis of Methylammonium Lead(II) Mixed-halide Nanocrystals   
Precursor solutions. Alkylammonium halides were prepared by a recently optimized 
procedure.61  Briefly, hydroiodic acid (10 mL, 0.075 mol) or hydrobromic acid (8.6 mL, 0.075 
mol) was added to a solution of excess methylamine (24 mL, 0.19 mol) or n-octylamine (32 mL, 
0.19 mol) in ethanol (100 mL) at 0 °C, and the mixture stirred at 0 °C for 2 h. The sample was 
concentrated under vacuum, first in a rotary evaporator at 70 °C, and then under dynamic 
vacuum at 60 °C for 12 h.  The remaining solid was recrystallized from ethanol.  Br Solution.  
PbBr2 (2.9 mg, 0.008 mmol), CH3NH3Br (1.3 mg, 0.012 mmol) and CH3(CH2)7NH3Br (2.5 mg, 
0.012 mmol) were dissolved in a mixture of acetonitrile (20 mL) and DMF (0.2 mL).  I Solution.  
PbI2 (3.7 mg, 0.008 mmol), CH3NH3I (1.9 mg, 0.012 mmol) and CH3(CH2)7NH3I (3.1 mg, 0.012 
mmol) were dissolved in a mixture of acetonitrile (20 mL) and DMF (0.2 mL).   
CH3NH3Pb(BrxI1-x)3 nanocrystals.  Portions of Br and I solutions were mixed according to the 
different desired halide loadings to a total volume of 4 mL, followed by the rapid addition of 
toluene (15 mL) while stirring.  After 24 h stirring at room temperature, solids were isolated by 
centrifugation (5 min at 4500 rpm) and washed with toluene (5 mL).  Solids were suspended into 
10 mL toluene resulting in a nanocrystal concentration of approximately 1 mM.  
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Nanocrystal Ensemble Characterization   
XRD was measured using Cu Kα radiation on a Rigaku Ultima diffractometer. Solution 
extinction (absorption plus scattering) spectra were measured with a photodiode array Agilent 
8453 UV-Vis spectrophotometer.  Steady-state photoluminescence (PL) spectra were measured 
using a Horiba-Jobin Yvon Nanolog scanning spectrofluorometer.  
Nanocrystal Luminescence Microscopy   
CH3NH3PbBr3-xIx nanocrystals prepared from precursor solutions using the method stated earlier 
were diluted to a tenth (/10) in toluene (~0.1 mM, 50 μL) and sonicated for 90 minutes before 
drop casting onto a glass microscope coverslip (Carlson Scientific, Peotone, IL, USA).  
Nanocrystal luminescence microscopy was performed using an upright microscope (Nikon 
Eclipse 80i, Melville, NY, USA).  A mercury lamp was used for excitation (XCite 120 PC, 
EXFO Photonic Solutions Inc., Quebec City, Canada).  Excitation and emission filters were from 
Omega Optical (Brattleboro, VT, USA), unless noted otherwise:  500 ± 5 nm excitation and 535 
± 7.5 nm emission filters were used for the CH3NH3PbBr3, CH3NH3Pb(Br0.75I0.25)3, and 
CH3NH3Pb(Br0.50I0.50)3 samples;  500 ± 5 nm excitation and 615 ± 15 nm emission filters were 
used for the CH3NH3Pb(Br0.25I0.75)3 sample;  510 ± 5 nm excitation and 730 ± 40 nm emission 
filters (Semrock, Inc., Lake Forest, IL, USA) were used for the CH3NH3PbI3 sample.  A 100× 
PlanApo, 1.49 numerical aperture oil-immersion objective was used and PL images were 
collected in the epi-direction using a charged-coupled device (CCD) camera (Photometrics 
Evolve, Tucson, AZ, USA) with a 250 ms exposure time and zero gain.  Each PL movie consists 
of 1000 images/frames collected sequentially for a total analysis time of 250 s.  The signal-to-
noise ratio was at least 2 at the start of each movie, and a diffraction-limited point spread 
function was measured for each analyzed nanocrystal. 
Threshold Calculation   
ImageJ was used to analyze the PL movies.  For each nanocrystal analyzed, the nanocrystal’s 
luminescence intensity and a background value were quantified in each of the 1000 frames using 
the Z-axis Profile function in ImageJ.  The most intense pixel for the spheroid nanocrystals was 
used to plot the nanocrystal luminescence intensity over the entire 1000 frames (i.e., over time).  
The background in each frame was measured approximately 8 pixels away from the center of 
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each nanocrystal.  The average background value (μbg) and background standard deviation (σbg) 
were calculated across all 1000 frames, and was used to calculate a threshold:  Threshold = μbg + 
3σbg.  Nanocrystals were considered intermittent in luminescence if their intensity fell below the 
threshold for more than 25 s over the entire movie (i.e., 10% of the collection time).   
Nanocrystal Microspectroscopy   
The suspended CH3NH3PbI3 nanocrystals prepared from precursor were diluted to a tenth (/10) in 
toluene (~0.1 mM, 50 μL) and sonicated for 60 min before drop casting onto a glass microscope 
coverslip (Carlson Scientific, Peotone, IL).  A lab-built optical microscope based on a DM IRBE 
platform (Leica, Wetzlar, Germany) with 532-nm laser excitation (Sapphire SF 532 nm, 
Coherent, Santa Clara, CA, USA) was used to collect emission spectra as a function of 
illumination time.  A 100× HCX PL APO, 1.49 numerical aperture oil-immersion objective 
(Leica) was used to achieve a laser spot with a diameter of 440 nm.  The excitation power 
density at the sample was 1 × 105 W/cm2.  Photoluminescence was collected from the epi-
direction and focused onto a HoloSpec f/1.8i spectrograph (Kaiser Optical Systems, Ann Arbor, 
MI, USA) equipped with a broad range grating (HFG-650, Kaiser Optical Systems) and then 
directed to a CCD (Newton 940, Andor Technology, Belfast, UK).  A series of 2500 spectra 
were collected for 0.1 s each.  Spectra were then analyzed using IGOR Pro 6.34 batch fit 
(Wavemetrics, Lake Oswego, OR) and 3D images of the fits shown in Figure 5 were plotted in 
Matlab 2016a (Mathworks, Natick, MA). 
 
Results and Discussion 
Five CH3NH3PbBr3-xIx nanocrystal compositions were prepared with x = 0, 0.75, 1.50, 2.25 and 
3.  Throughout, the presented formulas refer to the synthetic loading not a measured nanocrystal 
composition.31  To control particle size, we used octylammonium halides (CH3(CH2)7NH3X) as 
surfactants, which have been shown to passivate the surface and terminate/truncate further 
crystal growth.40  All synthetic loadings produced primarily spherical nanocrystals, as shown by 
transmission electron microscopy (Supplemental Information Figure S1).  The perovskites are 
nanocrystalline as evident by the peak broadness of their powder XRD patterns (Supplemental 
Information Figure S2).  The XRD pattern shows a major peak at 30.2 degrees for CH3NH3PbBr3 
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nanocrystals, which is typically assigned to the cubic crystal structure, and a peak at 28.7 for 
CH3NH3PbI3 nanocrystals, which is typically assigned to the tetragonal crystal structure.  
According to the experimental patterns of CH3NH3PbBr3-xIx (x=0.75, 1.50, 2.25), all three 
nanocrystalline samples are cubic.  The reported experimental XRD patterns of CH3NH3PbI3 and 
CH3NH3PbBr3 indicate the nanocrystals grow mainly along the [110] direction.
40  This preferred 
orientation is the main reason behind the differences observed between the experimental and 
standard XRD patterns (Supplemental Information Figure S2), which were collected from bulk 
single crystals.   
 The CH3NH3PbBr3-xIx nanocrystals absorbed a broad range of visible wavelengths 
(Figure 1).  The luminescence spectra show a range in their wavelength of maximum emission 
with halide loading (Figure 1).  As the iodide content increased from 0 (CH3NH3PbBr3) to 100% 
(CH3NH3PbI3), the luminescence maximum shifted from 498 to 740 nm.  The shift in 
luminescence maximum is not linear with halide loading (Figure 2), which is consistent with 
previous reports.30, 62   
The luminescence intensity as a function of time was analyzed for up to 50 nanocrystals 
from each halide loading.  The CH3NH3(Br0.25I0.75)3 nanocrystals were more dilute relative to the 
other compositions over replicate syntheses and the same sample preparation method only 
allowed 39 nanocrystals to be measured.  An average luminescence intensity across the 250 s 
analysis time was calculated for each nanocrystal; histograms of the background subtracted 
values are shown in Supplemental Information Figure S3 for each halide loading.  The absolute 
values on the X-axis cannot be compared across different compositions as the optical throughput 
of the instrument varies with wavelength (e.g., filter bandwidth, etc.).  The shapes of the 
distributions, however, can be compared.  The mixed halide compositions of 
CH3NH3Pb(Br0.75I0.25)3, CH3NH3Pb(Br0.50I0.50)3, and CH3NH3Pb(Br0.25I0.75)3 had more outliers 
with intensities 13 to 230× higher than the intensity with the highest frequency compared to the 
single halide CH3NH3PbBr3 and CH3NH3PbI3 nanocrystals.   
The single halide nanocrystals exhibit no luminescence intermittency as defined by a 
luminescence intensity that is above the calculated threshold for distinguishing luminescence 
from the background more than 90% of the analysis time (Table 1).  The percentage of 
CH3NH3Pb(Br0.75I0.25)3, CH3NH3Pb(Br0.50I0.50)3, and CH3NH3Pb(Br0.25I0.75)3 nanocrystals that 
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exhibit luminescence intermittency is 18, 4, and 26%, respectively.  We hypothesize that the 
fraction of mixed halide nanocrystals that exhibit intermittency have crystal defects or trap states.  
When electrons become trapped, radiative recombination of excitons cannot occur, providing 
periods of no measured luminescence.  Further, this leads to the assumption that functional trap 
states are absent in the single halide nanocrystals.  The single halide perovskites, CH3NH3PbI3 
and CH3NH3PbBr3, have quantum yields of 1.5% and 44% respectively.  These quantum yields 
are higher than the mixed halide perovskite nanocrystals (0.02 to 1.3%), which is consistent with 
the hypothesis that increased crystal defects or trap states are responsible for blinking in the 
mixed halide perovskites. 
In addition to the percentage of nanocrystals that exhibit intermittency, it is also useful to 
consider the percentage of time the nanocrystals were above the threshold over the total analysis 
time (Table 1).  The intensities of the CH3NH3PbBr3 and CH3NH3PbI3 nanocrystals are always 
above the threshold over the entire 208 minutes (i.e., 50 nanocrystals analyzed for 250 s each).  
For the intermediate halide loadings, the percentage of non-intermittent nanocrystals and the 
percentage of the analysis time the nanocrystals are above the threshold are correlated.  The 
latter, however, is always higher than the former.  For example, 74% of the 
CH3NH3Pb(Br0.25I0.75)3 nanocrystals are not intermittent and are above the threshold 89% of the 
analysis time.   
The luminescence signal over time was categorized into four different luminescence 
behaviors irrespective of the threshold or intermittency (Table 2).  The behaviors are:  (a) 
constant intensity, (b) multimodal intensity, (c) photobrightening, and (d) photobleaching.  In 
order to be classified as constant luminescence intensity, shown in Figure 3a, the slope of the line 
connecting the intensity at 0 s and 250 s was between -0.2 and 0.2 s-1.  The small fluctuations in 
intensity of a nanocrystal classified as constant luminescence are due to instrument noise; this 
produces an intensity histogram with a Gaussian distribution (Figure 3a').  The 
CH3NH3Pb(Br0.75I0.25)3 and CH3NH3Pb(Br0.50I0.50)3 nanocrystals were the only compositions to 
exhibit type a constant intensities with populations of 28% for both compositions (Table 2).     
If the intensity of a nanocrystal varied between two or three relatively constant values for 
a duration of at least 10 s with the transition between intensities occurring within 500 ms (i.e., 
two times the acquisition time), this is classified as type b multimodal behavior, shown in Figure 
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3b.  The resulting intensity histogram is either a bimodal or trimodal distribution (Figure 3b').  
The number of nanocrystals that have a multimodal intensity profile decreased with the amount 
of bromide loading from CH3NH3PbBr3 to CH3NH3Pb(Br0.25I0.75).  The CH3NH3PbI3 
nanocrystals do not fit this trend with 18% of nanocrystals exhibiting this behavior.  Across all 
nanocrystal compositions, 72 exhibited multimodal behavior, and this was the second most 
common behavior.  Eight of the 72 total where trimodal (only found in the CH3NH3PbBr3 and 
CH3NH3Pb(Br0.75I0.25)3 compositions) and 64 were bimodal.  A possible mechanism for type b 
photophysics is considered:  Given the nanocrystals are smaller than the diffraction limit of light, 
it is possible that a bimodal luminescence intensity arises from nanocrystal dimers or aggregates.  
Considering a bimodal distribution, the most common type b behavior, and a possible 
nanocrystal dimer, the high luminescence state would represent times when both nanocrystals are 
emitting; whereas, the low intensity state would represent times when only one nanocrystal is 
emitting.  Statistically, there is a possibility that both nanocrystals are not emitting, and the 
intensity would drop below the threshold.  This possibility increases as the duration of the low 
intensity state increases; however, an intensity below the threshold is never measured in this 
population.  One may argue that the lower intensity state is one where the nanocrystal is not 
luminescent, and that an incorrect threshold has been applied.  However, the image inset in 
Figure 3b clearly shows that the low intensity state is higher than the background. A low 
intensity, or gray state, has been reported for quantum dots, including ZnS capped CdSe63 and 
CdS capped CdSe.64, 65  The emitting low intensity state in CH3NH3PbBr3-xIx nanocrystals may 
be a gray state, although the mechanism for the gray state may be unique and requires further 
study. 
In up to 22% of the population, the luminescence intensity of a nanocrystal increased 
over the analysis time. If the slope of the intensity between the data points at time 0 s and 250 s 
was greater than 0.2 s-1, then the nanocrystal was considered to be photobrightening, shown in 
Figure 3c.  As expected, photobrightening results in an intensity histogram with an asymmetric 
distribution (Figure 3c').  Photobrightening has been reported in CH3NH3PbBr3 nanocrystals and 
CH3NH3PbI3 films by Tachikawa et al. and deQuilettes et al., respectively.
54, 66  One mechanism 
reported for photobrightening is a photoinduced trap reduction caused by the movement of 
halides when illuminated with light.  As the halides are transported about the nanocrystalline 
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lattice, vacancies that make up trap sites are filled.  Considering all nanocrystal compositions as 
an aggregate, this is the least common behavior.  
Each nanocrystal composition produced a population where the luminescence intensity of 
a nanocrystal decreased over the analysis time.  If the slope of the intensity between the data 
points at time 0 s and 250 s was less than -0.2 s-1, then the nanocrystal was considered to be 
photobleaching, shown in Figure 3d.  Photobleaching generally results in an intensity histogram 
that skews to lower values (Figure 3d').  Photobleaching was most common (74-95%) in the 
nanocrystals containing high amounts of iodide (i.e., CH3NH3Pb(Br0.25I0.75)3 and CH3NH3PbI3).  
We hypothesize that in cases of photobleaching, the nanocrystal lattice begins to decompose 
leading to higher non-radiative recombination events, which has also been observed in CsPbX3 
nanocrystals52 and CdSe/ZnS quantum dots.67  A small number of nanocrystals exhibited 
photobleaching as well as short periods of lower intensity up to 10 s in duration (i.e., below the 
50 s used to categorize a nanocrystal as exhibiting a bimodal distribution).  Each nanocrystal was 
analyzed for 250 s; it is possible that the percentage of nanocrystals with type d photobleaching 
behavior increases as the analysis time increases.   
Flickering is defined here as less than 500 ms (i.e., two times the acquisition time) 
periods of a drop in luminescence intensity.  Flickering is observed in types b, c, and d 
luminescence behaviors.  Examples of flickering are shown in Figure 3b and d. In some 
instances of flickering, the luminescence intensity goes below the threshold, which represent 
brief intermittent events.  For the events that do not go below the threshold, a faster acquisition 
rate may reveal whether these events represent intermittent events.  A faster acquisition time of 
20 ms was used to measure the time correlated luminescence intensity of all nanocrystal 
compositions; results for one composition are shown in Figure 4 and for the other compositions 
in Supplemental Information Figure S4.  A majority of the flickering measured with a 20 ms 
acquisition time remain above the threshold, revealing a mechanism faster than 20 ms is 
responsible for a majority of these events.  
In the nanocrystal luminescence microscopy experiments described above, increasing, 
decreasing or flickering luminescence may be explained by shifting luminescence spectra, which 
has been measured in similar nanocrystals.61, 68  If the luminescence shifts partially, or 
completely, outside the wavelength range of the filters used to collect the signal, then the 
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luminescence intensity could increase, decrease, or disappear. In order to test for this, the 
emission spectrum of isolated CH3NH3PbI3 nanocrystals was measured over 250 s under 1 × 10
5 
W/cm2 laser irradiance (Figure 5).  The emission maximum remained constant at 775 nm under 
continuous illumination with a 100 ms acquisition time.  The emission does not shift outside the 
wavelength region of the filters used to collect the luminescence intensity versus time data.  This 
indicates that the blinking or other varying luminescence intensity states measured for the 
CH3NH3PbI3 nanocrystals (Table 1) is not the result of shifting luminescence spectra. The 
instrument setup does not allow the measurement of the other nanocrystal compositions.  Finally, 
this experiment shows that 50% of the nanocrystals exhibit photobrightening and 50% 
photobleaching under high irradiance, and overall better photostabilty than many reported in the 
literature for similar materials.52, 69   
 
Conclusions 
The luminescence of a series of methylammonium lead halide nanocrystals has been reported. 
The wavelength of maximum luminescence was tunable within the range of 498–740 nm by 
controlling the bromide and iodide loading during nanocrystal synthesis. The CH3NH3PbI3 and 
CH3NH3PbBr3 nanocrystals exhibited no luminescence intermittency, while 82%, 96%, and 74% 
of the CH3NH3Pb(Br0.75I0.25)3, CH3NH3Pb(Br0.50I0.50)3, and CH3NH3Pb(Br0.25I0.75)3 nanocrystals 
exhibited no intermittency, respectively.  It is likely that the mixed halide nanocrystals contain 
iodide-rich and bromide-rich domains when both halides are present in the nanocrystal.38,31 It is 
also possible that domains form as a result of light-induced segregation.  The low percentage of 
nanocrystals that exhibited intermittency, along with relatively good photostabilities at low (i.e., 
mercury lamp) and high (i.e., focused laser, up to 1 × 105 W/cm2) photon fluxes, and the 
emission tunability of the nanocrystals will make these hybrid perovskite nanocrystals useful in a 
wide range of applications.   
 
Electronic supplementary information (ESI) available: Supplementary figures of the 
experimental data. Figures S1-S4. See DOI:XXXXXX 
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Table 1. Percentage of nanocrystals within each composition above the calculated threshold over 
90% of the analysis time (i.e., “ON”) and the percentage of time the nanocrystals are above the 
threshold.   
Sample Number of 
Nanocrystals 
Analyzed 
Percentage 
Nanocrystals 
“ON”a 
Percentage Time 
Above Thresholdb 
CH3NH3PbBr3 50 100 100 
CH3NH3Pb(Br0.75I0.25)3 50 82 93 
CH3NH3Pb(Br0.50I0.50)3 50 96 99 
CH3NH3Pb(Br0.25I0.75)3 39 74 89 
CH3NH3PbI3 50 100 100 
a The nanocrystals are considered to be in an “ON” state if the luminescence intensity is above 
the calculated threshold at least 90% of the analysis time. 
b Based on a total time of 250 s × number of nanocrystals analyzed. 
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Table 2. Number of nanocrystals analyzed for each halide loading and percentage that display 
type a, b, c, and d photoluminescence as defined in the text. 
 
Sample 
Number of 
Nanocrystals 
Analyzed 
Type a: 
Constant  
Intensity 
Type b: 
Multimodal 
Behavior 
Type c: 
Photo-
brightening 
Type d: 
Photo-
bleaching 
CH3NH3PbBr3 50 0% 70% 4% 26% 
CH3NH3Pb(Br0.75I0.25)3 50 28% 38% 22% 12% 
CH3NH3Pb(Br0.50I0.50)3 50 28% 18% 8% 46% 
CH3NH3Pb(Br0.25I0.75)3 39 0% 0% 5% 95% 
CH3NH3PbI3 50 0% 18% 8% 74% 
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Fig 1.  (Top) Extinction (absorption plus scattering) and (bottom) normalized emission (exc = 
375 nm)spectra of CH3NH3PbBr3 (purple), CH3NH3Pb(Br0.75I0.25)3 (blue), CH3NH3Pb(Br0.50I0.50)3 
(green), CH3NH3Pb(Br0.25I0.75)3 (orange), CH3NH3PbI3 (red).  Extinction and emission spectra 
were collected in toluene as the solvent. 
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Fig 2.  Emission maximum wavelength versus iodide loading for the (0%) CH3NH3PbBr3, (25%) 
CH3NH3Pb(Br0.75I0.25)3, (50%) CH3NH3Pb(Br0.50I0.50)3, (75%) CH3NH3Pb(Br0.25I0.75)3, and 
(100%) CH3NH3PbI3 nanocrystals.  The third-order polynomial fit line is shown in red. The 
equation for the best fit of the maximum emission wavelength (max) versus percent iodide 
loading (x) is: 𝜆max  = −9 × 10
−5𝑥3 + 0.04𝑥2 − 𝑥 + 501.   The R2 value for the fit is 0.99.  
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Fig 3.  Representative luminescence intensity versus time graphs for CH3NH3Pb(Br0.75I0.25)3 
nanocrystals. The dotted red line is the threshold for distinguishing nanocrystal luminescence 
from the background. The panels represent four of the photophysical properties measured for all 
the perovskite compositions. The time-correlated luminescence intensity is found on the left.  
Histograms of the corresponding intensities are found on the right.  Type (a) is representative of 
nanocrystals that only show fluctuations in luminescence intensity due to instrument noise.  Type 
(b) is representative of nanocrystals that exhibit a multimodal luminescence intensity profile, in 
this case being bimodal, a low intensity and a high intensity or vice versa.  Type (c) is 
representative of nanocrystals with luminescence intensities that photobrighten over time (a 
slope greater than 0.2 s-1).  Type (d) is representative of nanocrystals with luminescence 
intensities that photobleach over time (a slope smaller than -0.2 s-1).  Figures on the right show 
the intensity histograms for all 250 s.  Each histogram corresponds to the same letter (e.g. a’ 
corresponds to a).  The insets show the image at selected time points, as noted by the arrow. In 
all cases, the images show a nanocrystal intensity that can be differentiated from the background. 
The scale bar in each image is 2 µm and the acquisition time is 250 ms.    
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Fig 4.  Representative luminescence intensity versus time graphs for CH3NH3PbBr3 nanocrystals. 
The acquisition time is 20 ms, collected over 10 s.  The dotted red line is the threshold for 
distinguishing nanocrystal luminescence from the background.   
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Fig 5.  Luminescence spectra of CH3NH3PbI3 nanocrystals over time. Each panel represents a 
different nanocrystal. The luminescence maximum is constant over time at 775 nm. (This is 
shifted relative to the ensemble solution data shown in Figure 1). The excitation wavelength is 
532 nm; the acquisition time is 0.1 s. 
 
 
